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F 1 CIGS, o-Si, FEke" =F R CIRFFESEL S-Q MR R 2 E 53087, E,, PCE/ Voo/Jso/FF, Jsq, Woc 53 3lAL
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Table 1.  Photovoltaic parameters, S-Q limit value and difference analysis of CIGS, c-Si, and perovskite solar cells. Here,
E,, PCE/Voc/Jsc/FF, Jsq, Woc respectively represent the band gap of the absorption material, the photoelectric conver-
sion efficiency/open circuit voltage/short-circuit current density/fill factor of the solar cells, the short-circuit current density
calculated by the SQ limit, and the V¢ loss.

Cell type Ey/eV PCE/% Voc/mV  Jso/(mA-cm?) FF/% Jsg/(mA-cm?)  Woe/mV  Jso/Jsq/% WK SH UK

CIGS  1.088  23.35 734.0 39.58 80.4 44.0 354.0 89.95 SF 1]
CIGS  1.130  22.92 746.0 38.50 79.7 43.0 384.0 89.53 SF [11]
CIGS  1.143  22.60 741.0 37.80 80.6 42.3 402.0 89.36 ZSW [12]
CIGS  1.110  22.30 722.0 39.40 78.2 43.7 388.0 90.16 SF [13]
c-Si 1120 26.70 738.0 42.65 84.9 43.3 382.0 98.50  Kaneka  [14]
c-Si 1120 26.60 740.3 42.50 84.7 43.3 379.7 98.15  Kaneka  [14]
c-Si 1120 26.30 744.0 42.30 83.8 43.3 376.0 97.69  Kanecka  [15]
c-Si 1120 26.10 726.6 42.62 84.3 43.3 393.4 98.43 ISFH [16]
PEEKTT 1550 25.20  1180.5 25.14 84.8 27.1 369.5 92.77 KRICT [17]
FERAT 1480  24.64 11814 26.18 79.6 29.5 298.6 83.53 UNIST [18]
PEERWT 1574 24.20 11948 24.16 84.0 26.2 379.2 92.21 KRICT [19]
PEERHT 1536 23.70  1169.7 25.40 79.8 27.6 366.3 92.03 ISCAS [20]
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Fig. 1. Band gap gradient change of CIGS absorber layer. § ol Ve e Ao ?) FE% DR/
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Table 2. Parameter settings used in device simula- 0 01 02 03 04 05 06 07 0.8
tion. Voltage/V

B:ZnOZn(Mg, 0)Zn(0, S, OH), CIGS

El 2 I S RIAE 3 1) CIGS K FHREHL J- Vi

Thickness/nm 500 50 8 1000 Fig. 2. JV characteristic of experimental data and simula-
Permittivity/1 9 10 9 13.6 tion result for the CIGS solar cell.
Eg/eV 3.3 3.6 3.6 1.06—1.66

Affinity/eV 4.4 4.2 4.2 3.89—4.49 2.3 HBFIFAMSHEE
N/(10% em?) 22 22 2.2 2.2 PASCHR S8R S 3 B A S Bl o7 ) B 8 s
N./(10% em®) - 1.8 1.8 1.8 1.8 R, 4 120 ZR IR AR SR 300 214K
faf (cm* Vs ) 100100 100 100 P, Wik s Bicsk 4. PCE = 10% %
wllem™ Vs 25 % # # PR R ARSI, PEARI S (5 BT 7 R B,
Nd/(lolf em®) 10 10 ! 0 HETESERNEIR M. R TH (M
N,/(10% cm3) 0 0 0 2

A 3.6.2), FETFRTHAFHBEVLZRAK (random forest)
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Fig. 3. (a) Device structure of the CIGS solar cells; (b) schematic illustration of GGI gradient in CIGS.
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Table 3.  Correlation between GGI value at different loca-

tion and photovoltaic parameters.
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Fig. 4. Changes of predicted efficiency by RF algorithm with GGIp/GGIy/GGIp.
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Fig. 5. Device efficiency predicted by RF algorithm under
different GGI values.
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Fig. 6. Predicted device performance of the CIGS solar cells based on different GGI gradients by RF algorithm. 0 represents for the
GGI gradient used in the device with 23.35% experimental efficiency, while 1-6 are the GGI gradients of the devices with the
highest predicted efficiency.
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Fig. 8. Device performance of the CIGS solar cells based on different GGI gradient schemes obtained by device simulation.
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Optimization of Ga content gradient in Cu(In,Ga)Se,
solar cells through machine learning and device simulation®
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Abstract

Cu(In,Ga)Se, (CIGS) solar cell is a kind of highly efficient thin film solar cell, for which Ga ratio
(Ga/(Ga+In), GGI) gradient engineering is an efficient approach to achieving high open circuit voltage under
no short circuit current loss. In this work, we firstly evaluate the room and the strategies for improving the
device performance of the CIGS solar cells based on the comparison among their theoretical efficiency limits.
Then we investigate the different schemes of “V” type GGI gradient and their effects on device performance
through machine learning and device simulation. Based on these studies, we optimize the scheme of “V” type
GGI gradient and obtain a high efficiency of 26% from device simulation. The carrier kinetics for the effect of
modifying GGI gradient on device performance are analyzed. This work provides an approach to optimizing the
GGI gradient to obtain highly efficient CIGS solar cells, which is referable for experimental optimization.

Keywords: Cu(In,Ga)Se, solar cells, Ga gradient, efficiency limit, machine learning, device simulation
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